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Introduction {#sec1}
============

Mitochondrion, a semi-autonomous organelle, encodes and locally expresses a number of subunits of the oxidative phosphorylation (OXPHOS) complexes that generate the vast majority of cellular ATP ([@bib27]). Mutations in mitochondrial DNA (mtDNA) or defects in mitochondrial translation disrupt mitochondrial proteostasis to cause serious human diseases ([@bib5], [@bib24], [@bib38]); conversely, mild mitochondrial proteostatic stress induces the mitochondrial unfolded protein response (UPR^mt^) to improve mitochondrial proteostasis and has been increasingly linked to longevity in *C. elegans* ([@bib21]). Caloric restriction (CR) without malnutrition has been proven to extend the lifespan in a wide range of organisms ([@bib15], [@bib16]). Among the myriad of CR-induced changes, mitochondrial processes, including mitochondrial proteostasis, are notably affected ([@bib1], [@bib6], [@bib30]). However, the mechanism by which mitochondrial proteostasis is improved in mammals in the context of CR is largely unknown.

MicroRNAs (miRNAs) are evolutionarily conserved RNAs 21--22 nucleotides in length that constitute an important layer of gene regulation in eukaryotes ([@bib8]). This group of small noncoding RNAs is well known for gene silencing through either accelerating mRNA degradation or inhibiting translation in the cytoplasm ([@bib18], [@bib25]). Owing to their widespread suppressive effect at the post-transcriptional level, miRNAs reduce protein expression variation (noise) and help maintain homeostasis in diverse biological processes ([@bib13], [@bib40]). Recently, a few studies have suggested that CR impacts the expression levels of miRNAs in mouse serum ([@bib11]) and in the serum ([@bib41]) and skeletal muscle ([@bib35]) of rhesus monkeys. In addition to the canonical cytosolic localization of miRNAs, emerging evidence has identified miRNAs in mitochondria ([@bib10], [@bib22], [@bib32], [@bib47]). Recent findings have suggested that miR-1 in skeletal muscle coordinates the myogenic program and that miR-21 in cardiac tissues lowers blood pressure by upregulating mitochondrial translation ([@bib32], [@bib47]). Nevertheless, compared with the well-studied functions of miRNAs in the regulation of protein expression in the cytoplasm, the role of miRNAs in mitochondria during CR remains elusive. Therefore, it is of interest to investigate whether this group of regulatory RNAs is involved in the beneficial effects of CR on mitochondrial function in mammals.

In the present study, we calorie-restricted mice for 12 weeks and then performed small RNA sequencing to profile miRNA expression in mouse livers. We observed that CR increases global and mitochondrial miRNAs in mouse livers. Importantly, CR-induced miRNAs upregulate mitochondrial translation, which consequently induces UPR^mt^ to improve mitochondrial proteostasis. Our findings suggest miRNAs as a group of mediators in the regulation of mitochondrial proteostasis in response to CR.

Results {#sec2}
=======

CR Increases Global and Mitochondrial miRNA Levels {#sec2.1}
--------------------------------------------------

To investigate whether miRNAs are involved in the beneficial effects of CR in mammals, we used mice as our model organism. We fed 8-week-old male C57BL/6J mice a calorie-restricted diet for 12 weeks (20% restricted for the first week and 40% restricted for the remaining 11 week) or food *ad libitum* (AL) ([Figure S1](#mmc1){ref-type="supplementary-material"}A), as previously described ([@bib33]). Twelve weeks of CR significantly reduced body weight gain ([Figure S1](#mmc1){ref-type="supplementary-material"}B) and reduced lipid accumulation in the liver and adipose tissues ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). The indirect calorimetry examination results showed decreased energy expenditure and a reduced respiratory exchange rate, indicating a preference of lipids as the energy source in the CR mice ([Figure S1](#mmc1){ref-type="supplementary-material"}E); we also observed that the physical activity level increased in CR mice ([Figure S1](#mmc1){ref-type="supplementary-material"}F). Glucose tolerance tests suggest that CR improved glucose regulatory function in mice ([Figure S1](#mmc1){ref-type="supplementary-material"}G). Consistent with a previous report ([@bib36]), these observations suggest the successful construction of a CR mouse model, in which 12 weeks of CR significantly reprogrammed the metabolic state of the animals.

To obtain a global landscape of the miRNA profile during CR, we performed small RNA sequencing (RNA-seq) in whole liver tissues and in liver mitochondria ([Figure 1](#fig1){ref-type="fig"}A). After RNA extraction and quality control ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B), the RNA samples were spiked with *Arabidopsis thaliana* miR168a as an internal control. Analysis of the sequencing results enabled the identification of a total of 421 hepatic miRNAs in both the whole tissue and mitochondrial RNA samples ([Figure S2](#mmc1){ref-type="supplementary-material"}C). As shown in the circos plot, the identified miRNAs are extensively distributed along the genome, and interestingly, the miRNAs in the whole liver tissues and in the mitochondrial samples generally increased during CR ([Figure 1](#fig1){ref-type="fig"}B). Consistently, the density plot of miRNA expression in the whole liver tissues of the CR mice exhibits a right shift from the AL mice ([Figure 1](#fig1){ref-type="fig"}C), and approximately 70% of the miRNAs were increased by CR ([Figure 1](#fig1){ref-type="fig"}D). Likewise, in the mouse liver mitochondria, the majority (∼86%) of miRNAs were increased by CR ([Figures 1](#fig1){ref-type="fig"}E and 1F). After ranking the most abundant miRNAs in mouse liver and liver mitochondria, we observed that miR-122, the most abundant miRNA in the liver ([@bib29]), accounted for the highest number of CR-induced miRNA reads in the mouse liver and liver mitochondria ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E). Particularly in the mitochondria, miR-122 increased the most during CR ([Figure 1](#fig1){ref-type="fig"}G). To confirm the CR-induced increase in miRNAs, we performed real-time PCR to examine the expression levels of the abundant miRNAs. We observed that, after normalizing against the spike-in control, the RNA levels of *GAPDH* and *β-actin* were not significantly altered, whereas the miRNAs were generally increased in the whole liver tissue samples after CR ([Figure 1](#fig1){ref-type="fig"}H). Moreover, using mouse liver mitochondrial RNA samples, we observed that, despite the lack of change in the expression of 5S rRNA, miRNAs were generally increased in the mitochondria after CR ([Figure 1](#fig1){ref-type="fig"}I). These results suggest that CR could increase miRNAs in mouse liver and liver mitochondria.Figure 1CR Increases Global and Mitochondrial miRNA Levels(A) Study design for sRNA-seq of mouse livers in AL and CR groups.(B) Circos plot of small RNA-seq dataset showing miRNAs differentially expressed in whole liver tissue (total) and in liver mitochondria (mito) in response to CR aligned to the mouse genome. The inset shows an enlarged image of chromosome 1. From the outer to the inner rings: chromosome ideogram; upregulated (red bars) and downregulated (blue bars) miRNAs in whole liver tissues; and upregulated (orange bars) and downregulated (light blue bars) miRNAs in liver mitochondria.(C) Density plot of miRNAs identified in AL and CR mouse livers normalized to the spike-in ath-miR168a internal control.(D) Cumulative distribution of CR-induced changes in the expression levels of miRNAs in whole-cell samples derived from mouse livers.(E) Heatmap of commonly identified miRNAs in all samples generated by small RNA-seq. All expression levels were normalized to the exogenous ath-miR168a as an internal control. AM represents AL mitochondria, and CM represents CR mitochondria.(F) Volcano plot of CR-induced changes in mouse liver mitochondrial miRNA expression generated by small RNA-seq.(G) Stacked plot of the ratio of the increased Transcripts Per Million (TPM) value from AL to CR of each miRNA in mouse liver and in liver mitochondria indicated by small RNA sequencing results. miR-122-5p increased the most in the mitochondria, and miR-148a-3p increased the most in the liver during CR.(H and I) Real-time PCR of miRNAs in whole liver tissues (H) and mouse liver mitochondria (I) in the AL and CR groups normalized to the exogenous ath-miR168a as an internal control; n = 6.For (H and I), the data represent the mean ± SEM. p Values were obtained using unpaired t test with Welch\'s correction. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant, compared with the respective AL group.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

miR-122 Is Necessary for the CR-Induced Activation of Mitochondrial Translation {#sec2.2}
-------------------------------------------------------------------------------

As miRNAs affect protein output on a large scale ([@bib2], [@bib42]), we next utilized a stable isotope labeling with amino acids in cell culture (SILAC)-based quantitative mass spectrometry (MS) approach to analyze the hepatic proteome to obtain a global insight into the effect of CR ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}A--S3C). A total of 3,162 proteins were identified in samples from both the AL and CR groups ([Figures S3](#mmc1){ref-type="supplementary-material"}D and S3E). Gene ontology (GO) analysis showed that the differentially expressed proteins were mostly enriched in the mitochondria ([Figure 2](#fig2){ref-type="fig"}A). We next analyzed the biological processes in which these mitochondrial proteins are involved and found that the upregulated mitochondrial proteins were most significantly clustered in the electron transport chain and metabolic pathways ([Figure 2](#fig2){ref-type="fig"}B). In contrast to the enrichment of translation among all downregulated proteins, translation was significantly upregulated among mitochondrial proteins ([Figure 2](#fig2){ref-type="fig"}C).Figure 2miR-122 Is Necessary for CR-induced Activation of Mitochondrial Translation(A) Study design for SILAC-based relative quantitative proteomics of mouse livers in AL and CR groups.(B) Cellular component GO analysis of differentially regulated proteins using REVIGO.(C) Biological process GO analysis of upregulated mitochondrial proteins using REVIGO.(D) Western blot of MTND1 and MTCO1 in Huh7 cells overexpressing miR-122.(E) Sequences of miR-122 5′ and 3′ mutants aligned with the predicted mt-nd1 and mt-co1 target sequences.(F) Western blot of MTND1 and MTCO1 expression in Huh7 cells upon the transfection with miR-122 and miR-122 mutants.(G) Western blot of Ago2 in whole hepatocytes and mitochondria from the AL or CR groups.(H and I) RNA IP of Ago2 in mouse liver mitochondria (H) or Huh7 cells (I). Bound RNA was analyzed by real-time PCR. IP efficiency was calculated relative to input. n = 3.(J) Western blot of MTND1 and MTCO1 in Huh7 cells co-transfected with siRNA (Ago2 KD or control) and miRNA (miR-122-5p OE or control).(K) Real-time PCR of miR-122 in livers of the miR-122 knockout (122KO) mice or the WT littermates in response to AL or CR.(L) Mitopolysome profiling of WT and 122KO mouse liver tissues in response to AL or CR. MRPL37 and MRPS26 levels were examined. Three biological replicates from each group were pooled in equal amounts. The OD ratio of mitopolysome to mitomonosome was quantified.(M) Western blot of MTND1 and MTCO1 in the livers of WT and 122KO mice assigned to AL or CR diet. ODs were quantified and normalized to GAPDH.The data in bar graphs represent the mean ± SEM. p Values were obtained using unpaired t test with Welch\'s correction.\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant, compared with the AL group (H), miR-NC group (I), or WT-AL group (K)-(M). ^\#^p \< 0.05 compared with the WT-CR group.See also [Figures S3--S5](#mmc1){ref-type="supplementary-material"}.

Emerging evidence has suggested, in addition to the canonical gene silencing function of miRNAs in the cytoplasm ([@bib2], [@bib42]), that mitochondrial miRNAs may play a positive role in mitochondrial translation ([@bib32], [@bib47]). The substantial increase in mitochondrial miRNAs in the CR mouse liver ([Figure 1](#fig1){ref-type="fig"}) and the proteome enrichment in mitochondrial translation ([Figure 2](#fig2){ref-type="fig"}C) prompted us to explore whether miRNAs are involved in the regulation of mitochondrial translation by CR. Because miR-122, the liver-specific miRNA ([@bib7], [@bib23]), is involved in many metabolic processes ([@bib4], [@bib28], [@bib45]) and exhibited the most abundant mitochondrial miRNA reads in the CR mouse liver ([Figures S2](#mmc1){ref-type="supplementary-material"}D and S2E), we studied miR-122 as a representative miRNA in the liver mitochondria during CR.

We overexpressed the miR-122 mimic in Huh7 cells and conducted western blot analysis. We observed that miR-122 overexpression (OE) increased the protein expression levels of the mtDNA-encoded genes, including MTND1 and MTCO1 as the representative subunits of OXPHOS complexes I and IV, respectively ([@bib27], [@bib47]) ([Figure 2](#fig2){ref-type="fig"}D). Next, we investigated whether miR-122 directly targeted *mt-nd1* and *mt-co1* mRNAs to account for their increased expression. We searched for potential miR-122-binding sites in the coding regions of *mt-nd1* and *mt-co1* using PITA ([@bib26]) and then inserted the predicted sequences in the open reading frames of *mt-nd1* and *mt-co1* at the 3′UTR of a luciferase reporter ([Figure S4](#mmc1){ref-type="supplementary-material"}A). We observed that miR-122 inhibited the luciferase activities of the reporters containing the predicted miR-122 target sites in 293T cells ([Figure S4](#mmc1){ref-type="supplementary-material"}B). These data suggest that miR-122 has the capacity to directly target the predicted sites in *mt-nd1* and *mt-co1*. We further designed and synthesized an miRND1 mimic that specifically targets *mt-nd1* and an miRCO1 mimic that specifically targets *mt-co1*. After transfecting 293T cells, we observed that miRND1 robustly inhibited the luciferase activities of Luc-MTND1 and that miRCO1 suppressed the activities of Luc-MTCO1 ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). Importantly, the western blot analysis demonstrated that, in Huh7 cells, transfection with miRND1 specifically increased the protein expression level of MTND1 ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D) and transfection with miRCO1 increased the protein expression level of MTCO1 ([Figures S5](#mmc1){ref-type="supplementary-material"}C--S5E). Finally, we constructed miR-122 5′ and 3′ mutants with disrupted complementarity to the predicted binding sites at *mt-nd1* and *mt-co1* ([Figure 2](#fig2){ref-type="fig"}E) and observed that, although miR-122 increased the expression of MTND1 and MTCO1 in Huh7 cells, the mutant miR-122 mimics did not ([Figure 2](#fig2){ref-type="fig"}F). These results indicate that miR-122 increased the protein expression of MTND1 and MTCO1 through a complementary base-pairing mechanism.

In the cytoplasm, miRNAs were reported to silence gene expression by binding to Argonaute 2 (Ago2) proteins ([@bib20]). In addition to being present in the cytoplasm, Ago2 has also been observed in the mitochondria ([@bib47]). In mouse liver mitochondria, we detected the presence of Ago2 and observed that CR increased the protein level of Ago2 in the mitochondria ([Figure 2](#fig2){ref-type="fig"}G). We next examined the binding capacity of Ago2 through RNA immunoprecipitation and quantitative PCR and observed that CR elevated the levels of miR-122 and its target mRNAs (*mtnd1* and *mtco1*) bound to the Ago2 protein in mitochondria ([Figure 2](#fig2){ref-type="fig"}H). In addition, miR-122 OE mimicked the CR effect of increasing the binding of Ago2 to *mtnd1* and *mtco1* ([Figure 2](#fig2){ref-type="fig"}I). Importantly, we co-transfected miR-122 with siRNA against Ago2 in Huh7 cells, and we observed that Ago2 KD abrogated the miR-122 OE-induced increase in the protein levels of mitochondrial-encoded genes ([Figure 2](#fig2){ref-type="fig"}J). Therefore, the increased binding of Ago2 to mitochondrial RNAs is involved in the miRNA-mediated elevation of mitochondrial translation during CR.

To further investigate the importance of endogenous miR-122 in the regulation of mitochondrial translation by CR, we used the CRISPR-Cas9 system ([@bib44]) to knock out (KO) miR-122 in mice and then subjected the miR-122 KO (122KO) mice and their wild-type (WT) littermates to 12 weeks of CR. Real-time PCR revealed an increase in miR-122 as a result of CR in the WT mouse livers and the abolishment of miR-122 in the 122KO mouse livers ([Figure 2](#fig2){ref-type="fig"}K). Next, we isolated the liver mitochondria and performed mitochondrial polysome profiling to evaluate the mitochondrial translational activity. The results showed that CR increased the proportion of mitoribosomes in the polysomal fractions, demonstrating an upregulated mitochondrial translation, but miR-122 deficiency suppressed the CR-induced upregulation ([Figure 2](#fig2){ref-type="fig"}L). Accordingly, the CR-induced increase in MTND1 and MTCO1 expression was impaired in the 122KO livers ([Figure 2](#fig2){ref-type="fig"}M). These results suggest that miR-122, the most abundant hepatic miRNA induced by CR, is critical in mediating CR-enhanced mitochondrial translation.

miRNA Biogenesis Is Required for the CR-Induced Activation of Mitochondrial Translation {#sec2.3}
---------------------------------------------------------------------------------------

In addition to increased miR-122 as a representative miRNA, the small RNA-seq results revealed that CR induced a global increase in miRNA contents in mouse livers. Therefore, we next investigated whether miRNA biogenesis, which affects the maturation of multiple miRNAs ([@bib3], [@bib43]), is affected by CR and whether it is involved in the regulation of mitochondrial translation. We performed real-time PCR and observed that CR increased the RNA levels of multiple components involved in the miRNA biogenesis pathway, including *Dicer*, *Ago2*, and *exportin 5* (*Xpo5*), in mouse livers ([Figure 3](#fig3){ref-type="fig"}A). In addition, a western blot analysis showed a marked increase in these miRNA biogenesis factors, including Drosha, Dicer, and Ago2, in response to CR ([Figure 3](#fig3){ref-type="fig"}B). To study the importance of CR-induced miRNA biogenesis in the regulation of mitochondrial translation, we knocked down (KD) Drosha and Dicer, two ribonucleases required for the maturation of miRNAs, in Huh7 cells. The western blotting analysis showed that KD of either Drosha or Dicer markedly decreased the protein expression levels of the mtDNA-encoded genes MTND1 and MTCO1 ([Figure 3](#fig3){ref-type="fig"}C). Conversely, we overexpressed Drosha and Dicer in Huh7 cells and observed that, although Dicer OE did not affect MTND1 or MTCO1 expression to a measurable level, Drosha OE significantly increased MTND1 and MTCO1 expression in Huh7 cells ([Figure 3](#fig3){ref-type="fig"}D). These results suggest that Drosha might be a rate-limiting factor in the miRNA-mediated enhancement of mitochondrial translation.Figure 3Drosha is the Rate-limiting Factor in CR-Induced Activation of Mitochondrial Translation(A) Real-time PCR of miRNA biogenesis factors in mouse livers in the AL and CR groups normalized to *β-actin*; n = 6.(B) Western blot of miRNA biogenesis factors in liver tissues from AL and CR groups.(C and D) Western blot of MTND1 and MTCO1 in response to siRNA-mediated knockdown (KD, C) and overexpression (OE, D) of Drosha or Dicer in Huh7 cells.(E) Mitopolysome profiling of mouse liver tissues in response to GFP control and shDrosha adenovirus infection. MRPL37 and MRPS26 levels were examined. Three biological replicates from each group were pooled in equal amounts. The OD ratio of mitopolysome to mitomonosome (55S) was quantified.(F) Western blot of MTND1 and MTCO1 in the livers of mice in the AL and CR groups infected with GFP control or shDrosha adenovirus. ODs were quantified and normalized to GAPDH.For A, E, and F, the data represent the mean ± SEM. p Values were obtained using unpaired t test with Welch\'s correction. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, ns, not significant, compared with the AL-Adv-GFP group. ^\#^p \< 0.05, ^\#\#\#^p \< 0.001, compared with the CR-Adv-GFP group.See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

Next, we knocked down Drosha (through tail vein injection of adenoviruses expressing Drosha-targeted shRNA \[Adv-shDrosha\]) in the C57BL/6J mouse livers after 12 weeks of CR to investigate the importance of miRNAs *in vivo* ([Figure S6](#mmc1){ref-type="supplementary-material"}). The Drosha KD significantly reduced miRNAs, including miR-122 ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Seven days after adenovirus injection, the mouse livers were collected and the hepatic mitochondria were isolated, followed by mitochondrial polysome profiling. The results showed that CR increased the presence of mitoribosomes in the polysomal fractions from the Adv-GFP scrambled control virus-injected mice, whereas the Adv-shDrosha virus significantly prevented the CR-induced increase in mitopolysomes ([Figure 3](#fig3){ref-type="fig"}E). Accordingly, the Adv-shDrosha virus abrogated the CR-induced increase in the expression of MTND1 and MTCO1 in the liver ([Figure 3](#fig3){ref-type="fig"}F). These results suggest that augmented miRNA biogenesis is critical for the CR-induced increase in mitochondrial translation.

CR Induces the Overproduction of Mitochondrial-Encoded Proteins and UPR^mt^ {#sec2.4}
---------------------------------------------------------------------------

The above-mentioned results regarding the liver-specific miRNA, miR-122, and the miRNA biogenesis factor, Drosha, suggest that miRNAs are key factors in mediating the CR-induced activation of mitochondrial translation. Western blotting showed that, as a result of the upregulated mitochondrial translation, the mitochondrial-encoded proteins were overproduced ([Figure 4](#fig4){ref-type="fig"}A), raising the stoichiometric ratios of mtDNA-encoded to nDNA-encoded subunits in the same complexes (i.e., MTND1 to NDUFA9 in complex I and MTCO1 to COX4 in complex IV) ([Figure 4](#fig4){ref-type="fig"}B).Figure 4CR Induces the Overproduction of Mitochondrial DNA-Encoded Proteins and UPR^mt^(A) Western blot of the mtDNA and nDNA-encoded mitochondrial subunits in mouse livers in the AL and CR groups.(B) OD ratios of the nDNA-encoded to mtDNA-encoded subunits of blots (A) were quantified; n = 3.(C) Protein levels of UPR^mt^, UPR^er^, and heat shock response (HSR) effectors in the AL and CR groups obtained from the MS dataset.(D) Western blot of the UPR^mt^ effectors HSP60 and ClpP in mouse livers in the AL and CR groups.(E) Real-time PCR of the UPR^mt^ effectors in mouse livers in the AL and CR groups; n = 5.(F) Activities of mitochondrial complexes I (left) and IV (right) in mouse livers in the AL and CR groups; n = 6.(G) mtDNA contents in mouse livers in the AL and CR groups were examined by real-time PCR quantification of the mtDNA to nuclear genome ratios; n = 6.(H) Representative images of mitochondria in mouse livers in the AL and CR groups obtained using a transmission electron microscope. M indicates mitochondria. ER indicates endoplasm reticulum. G indicates glycogen. Scale bars represent 2 μm. The ratio of mitochondrial to cytoplasmic area was quantified using Image-Pro Plus; n = 6.The data in bar graphs represent the mean ± SEM. p Values were obtained using unpaired t test with Welch\'s correction. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, compared with the corresponding AL group.

The complete structure and full function of OXPHOS complexes require precise interactions and coordination between the nDNA-encoded and mtDNA-encoded subunits ([@bib14]). The moderate imbalance between mtDNA- and nDNA-encoded proteins has been shown to induce UPR^mt^ ([@bib21]), which responds to proteostatic stress in mitochondria to restore mitochondrial homeostasis ([@bib19]). Hence, we next investigated whether UPR^mt^ was induced by CR in mice. At the protein level, as suggested by our MS data ([Figure 4](#fig4){ref-type="fig"}C), although the effectors of ER UPR (UPR^er^) and heat shock response (HSR) decreased, the UPR^mt^ effectors, including HSP60, mtHSP70, and peptidase ClpP, tended to increase during CR ([Figure 4](#fig4){ref-type="fig"}C). Western blotting confirmed a marked increase in HSP60 and ClpP expression in the CR mouse livers ([Figure 4](#fig4){ref-type="fig"}D). Consistently, real-time PCR results showed that the RNA expression levels of UPR^mt^ effectors were induced by CR at the mRNA level ([Figure 4](#fig4){ref-type="fig"}E). Next, we examined whether the overproduction of mtDNA-encoded OXPHOS subunits affects mitochondrial function. Consistent with the previous finding that CR enhances mitochondrial respiration ([@bib30], [@bib34]), the activities of OXPHOS complexes significantly increased in mouse livers during CR ([Figure 4](#fig4){ref-type="fig"}F). Moreover, transmission electron microscopy showed the elongation and expansion of mitochondria in the CR mouse livers, indicating an increase in the relative content of mitochondria and improved mitochondrial morphology in response to CR ([Figures 4](#fig4){ref-type="fig"}G and 4H). Taken together, these observations support improved mitochondrial proteostasis and mitochondrial function in the mouse liver after CR.

miRNAs Mediate CR-Induced UPR^mt^ and Enhancement of Mitochondrial Function {#sec2.5}
---------------------------------------------------------------------------

To investigate the importance of CR-induced miRNAs in the regulation of mitochondrial function, we overexpressed Drosha in Huh7 cells and examined the expression of UPR^mt^ effectors. Western blot analysis showed that Drosha OE increased ClpP expression in Huh7 cells ([Figure 5](#fig5){ref-type="fig"}A). Hence, we next investigated the involvement of miRNAs in enhancing mitochondrial activities. We observed that Drosha OE increased the activities of the mitochondrial OXPHOS complexes I and IV in transfected Huh7 cells ([Figure 5](#fig5){ref-type="fig"}B). Additionally, we overexpressed miR-122 in Huh7 cells and observed that miR-122 OE increased the expression of both HSP60 and ClpP ([Figure 5](#fig5){ref-type="fig"}C) as well as the activities of the mitochondrial OXPHOS complexes I and IV in Huh7 cells ([Figure 5](#fig5){ref-type="fig"}D). To further study the importance of endogenous miRNAs in CR-induced UPR^mt^ and enhanced mitochondrial complex activities, we examined the expression of UPR^mt^ effectors in the livers of WT and 122KO mice fed an AL or CR diet. The results showed that, although CR increased HSP60 and ClpP expression in the livers of WT littermates, the effects were lost in the livers of the 122KO mice ([Figure 5](#fig5){ref-type="fig"}E). In addition, CR significantly reinforced the activities of the mitochondrial OXPHOS complexes I and IV in the WT mice but not in the 122KO mice ([Figure 5](#fig5){ref-type="fig"}F). Consistently, 122KO weakened CR-induced metabolic reprogramming, such as the improvement in the overall energy metabolism and physical activity, except for the effect on energy expenditure, providing the possibility that CR-induced miRNAs in liver exert the beneficial effects on whole body ([Figure 5](#fig5){ref-type="fig"}G). Together, CR-induced miRNAs, particularly miR-122, are important for the CR-induced UPR^mt^ and enhanced mitochondrial function.Figure 5miRNAs Mediate CR-Induced UPR^mt^ and Enhancement of Mitochondrial Function(A and C) Western blot of HSP60 and ClpP in Huh7 cells overexpressing Drosha (A) or miR-122 (C).(B and D) Activities of the mitochondrial complexes I (left) and IV (right) in Huh7 cells overexpressing Drosha (B) or miR-122 (D); n = 3.(E) Western blot of HSP60 and ClpP in the livers of WT and 122KO mice in response to AL or CR diet; n = 3.(F) Activities of the mitochondrial complexes I (left) and IV (right) in the livers of WT and 122KO mice in response to AL or CR diet; n = 4.(G) Indirect calorimetric examination of oxygen consumption, carbon dioxide production, energy expenditure, respiratory exchange rate (RER), and total and ambulatory activity of WT or 122KO mice in the AL and CR groups; n = 5.The data in bar graphs represent the mean ± SEM. p Values were obtained using unpaired t test with Welch\'s correction. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, compared with the corresponding control or WT-AL group. ^\#\#^p \< 0.01, compared with the 122KO-AL group.

Discussion {#sec3}
==========

In summary, we report that CR induced a global increase in miRNAs in a mouse model to improve mitochondrial proteostasis in mice. Specifically, at least partially by upregulating translation in the mitochondria, CR-induced miRNAs caused the overproduction of mtDNA-encoded proteins, which resulted in mild proteostatic stress in the mitochondria and consequently induced UPR^mt^ to enhance mitochondrial proteostasis and function. Moreover, we demonstrated that the ablation of miR-122, the most abundant hepatic mitochondrial miRNA, or knockdown of Drosha, a key ribonuclease for miRNA biogenesis, blunts the effect of CR on the regulation of mitochondrial translation, UPR^mt^, and mitochondrial function. Therefore, our study uncovered the previously unrecognized critical role of miRNAs in linking CR to improved mitochondrial proteostasis and function.

In the present study, we observed that CR increased mitochondrial miRNAs in mouse livers and that miR-122, the most abundant and liver-specific miRNA ([@bib7], [@bib23]), accounted for the highest number of reads that were induced in mitochondria during CR. The identification of mitochondrial miRNAs has received increasing attention. Unlike miRNAs in the cytoplasm, tissue-specific mitochondrial miRNAs have been reported to activate mitochondrial translation in the myoblasts and cardiomyocytes ([@bib32], [@bib47]). In the present study, we confirmed the positive effect of miRNAs on mitochondrial protein expression in liver by observing that miR-122 increased the expression of the OXPHOS subunits MTND1 and MTCO1. Mechanistically, the positive regulation of mitochondrial-encoded genes by miR-122 appears to rely on a complementary base-pairing mechanism and the binding of Ago2 to mitochondrial targets ([Figures 2](#fig2){ref-type="fig"} and [S4](#mmc1){ref-type="supplementary-material"}). Furthermore, the observation that synthetic miRND1 and miRCO1 specifically upregulate the protein expression of their mitochondrial targets MTND1 and MTCO1, respectively ([Figure S5](#mmc1){ref-type="supplementary-material"}), suggests a potentially universal mechanism by which miRNAs activate the protein expression of their mitochondrial targets.

After being transcribed, the levels of mature miRNAs are determined by the efficiency of miRNA processing ([@bib43]). A previous study reported that Dicer is downregulated in adipose tissue as mice age, thus resulting in declined miRNA processing and the decrease in multiple miRNAs, but CR can prevent the miRNA decline ([@bib37]). In the present study, we found that CR upregulates several miRNA biogenesis factors in the mouse liver, among which Drosha is an important factor mediating the effect of CR ([Figure 3](#fig3){ref-type="fig"}). The knockdown or overexpression of Drosha can downregulate or upregulate the expression of mt-encoded proteins, respectively ([Figures 3](#fig3){ref-type="fig"}B and 3C). Although more detailed mechanisms related to the upregulation of mitochondrial translation by mitochondrial miRNAs remain to be examined, we demonstrated that either knockdown of Drosha or knockout of miR-122 largely reduces the effect of CR on the activation of mitochondrial translation and the improvement of mitochondrial proteostasis *in vivo*. Therefore, CR-induced miRNA biogenesis and the increased miRNA in mitochondria may play an important physiological role in the upregulation of mitochondrial translation in metabolic systems.

Because different miRNAs target different regions in the mitochondrial OXPHOS complexes, CR-induced miRNAs might collectively contribute to the redundant accumulation of mtDNA-encoded OXPHOS subunits in the mitochondria ([Figure 4](#fig4){ref-type="fig"}A). Consistently, Gomes et al. have shown that, owing to HIF-1α upregulation and TFAM downregulation, aging is associated with a specific decline in mitochondrial-encoded OXPHOS subunits, whereas CR reverses this decline by activating NAD-SIRT1 pathway ([@bib17]). Thus, CR upregulates mitochondrial proteins, particularly mtDNA-encoded OXPHOS subunits, at multiple levels. The slight perturbation of the stoichiometric ratios between mtDNA- and nDNA-derived protein subunits often induces UPR^mt^, a retrograde pathway that induces a suite of mitochondrial chaperones and proteases ([@bib19]), to augment the stress resistance to improve mitochondrial proteostasis, which is regarded as a conserved longevity mechanism ([@bib21]). However, most previously reported interventions induce UPR^mt^ at the cost of physical functions, and these potential side effects limit their clinical application ([@bib9], [@bib12], [@bib21], [@bib31], [@bib39], [@bib46]). CR, as a physiological stimulation ([@bib30], [@bib34]), was reported to induce UPR^mt^ in *Caenorhabditis elegans* ([@bib6]), but whether and how UPR^mt^ is induced in calorie-restricted mammals remained unclear. In the present study, we found that CR globally induced miRNAs in the mouse liver to induce UPR^mt^ accompanied by the enhancement of OXPHOS complex activities in the mouse livers and that miRNAs are required for the CR-induced improvements even in the overall metabolism and physical activity of mice. Therefore, these findings provide new evidence supporting that CR might be an effective and safe physiological strategy to induce UPR^mt^ and improve mitochondrial proteostasis for healthy aging and longevity.

Limitations of the Study {#sec3.1}
------------------------

Although we observed that the blockage of miRNA biogenesis pathway (drosha) or the ablation of the most abundant hepatic miRNA (miR-122) compromises CR-induced mitochondrial translation, mitochondrial function, and metabolic reprogramming in liver, we do not exclude the possible contribution from certain cytosolic miRNAs that silence relevant targets in the cytoplasm. Therefore, a better mechanistic understanding of how miRNAs locally regulate mitochondrial translation would help dissect the importance of mitochondrial miRNAs in mediating CR\'s effects.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods and Figures S1--S6
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